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Abstract This paper discusses the ionosphere’s response to the largest storm of solar cycle 24 during
16–18 March 2015. We have used the Global Navigation Satellite Systems (GNSS) total electron content data
to study large-scale traveling ionospheric disturbances (TIDs) over the American, African, and Asian regions.
Equatorward large-scale TIDs propagated and crossed the equator to the other side of the hemisphere
especially over the American and Asian sectors. Poleward TIDs with velocities in the range ≈400–700 m/s
have been observed during local daytime over the American and African sectors with origin from around
the geomagnetic equator. Our investigation over the American sector shows that poleward TIDs may have
been launched by increased Lorentz coupling as a result of penetrating electric field during the southward
turning of the interplanetary magnetic field, Bz . We have observed increase in SWARM satellite electron
density (Ne) at the same time when equatorward large-scale TIDs are visible over the European-African
sector. The altitude Ne profiles from ionosonde observations show a possible link that storm-induced TIDs
may have influenced the plasma distribution in the topside ionosphere at SWARM satellite altitude.
1. Introduction
Traveling ionospheric disturbances (TIDs) are widely believed as evidence of the presence of atmospheric
gravitywaveswithin the ionosphere (e.g., Davis, 1971; Hines, 1960; Georges&Hooke, 1970). They are generally
categorized intomedium-scale and large-scale TIDs according to their characteristics such as period, velocity,
and sometimes on the preferred direction of propagation. Large-scale TIDs usually have longer wavelengths
(thousands of kilometers), periods exceeding an hour (in most cases), are to a large extent observed dur-
ing geomagnetic disturbed conditions, and generally propagate equatorward from either hemisphere (e.g.,
Borries et al., 2009; Hajkowicz & Hunsucker, 1987; Hocke & Schlegel, 1996; Tsugawa et al., 2004; Valladares
et al., 2009).Medium-scale TIDs can propagate in any direction and are launchedbymany processes including
tropospheric systems and energy dissipation of large-scale TIDs.
In this study, we report on observations of large-scale traveling ionospheric disturbances (TIDs) during the
most extreme space weather event (17 March 2015 storm) of solar cycle 24, focusing on the American,
European-African, and Asian-Australian sectors. This particular storm period has received considerable atten-
tion and various ionospheric aspects related, but not limited, to global occurrence of equatorial plasma
bubbles (Carter et al., 2016), ionospheric storm effects (e.g., Astafyeva et al., 2015; Fagundes et al., 2016;
Nayak et al., 2016), and investigation of disturbance and direct penetration electric fields to low and equa-
torial latitudes (e.g., Kuai et al., 2016; Ramsingh et al., 2015) have already been presented in literature. With
regard to large-scale TIDs, Zakharenkova et al. (2016) recently reported a global analysis of large-scale TIDs
associated with the 17 March 2015 storm using a combination of GPS and GLONASS TEC data for the first
time. The analysis in Zakharenkova et al. (2016) study concentrated on North American, European, and
South American sectors and found series of TIDs with period≈50–80min and wavelengths 1,200–2,500 km.
Borries et al. (2016) examined the properties of large-scale TIDs using Global Navigational Satellite Systems
(GNSS)-derived TEC during the different phases of the 17 March 2015 storm over the European-African sec-
tor and reported three different types of wave-like structures with period and velocity values in the range of
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1–2h and500–600m/s. Both of these studies demonstrated that the equatorward large-scale TIDs originated
from the auroral region during the storm main phase. Ramsingh et al. (2015) showed possible TID presence
over the Indian sector during the recovery phase (on 18 March 2015).
Equatorward large-scale TIDs during geomagnetically disturbed conditions are usually linked to auroral
region Joule-heating and Lorentz-coupling processes, and this has been well documented (e.g., Borries et al.,
2009, 2016; Chimonas, 1969; Davis, 1971; Ding et al., 2007; Hines, 1960; Hajkowicz & Hunsucker, 1987; Hocke
& Schlegel, 1996; Katamzi & Habarulema, 2014; Ngwira et al., 2012; Nicolls et al., 2004; Shiokawa et al., 2002,
Tsugawa et al., 2003, 2004; Valladares et al., 2009; Zakharenkova et al., 2016). Theoretical and numerical
modeling studies show that fluctuations in energy within the auroral regions due to storm-related pro-
cesses significantly influence thermospheric composition thereby contributing to equatorward propagating
large-scale TIDs (e.g., Balthazor & Moffett, 1997; Fuller-Rowell et al., 1994; Lu et al., 2001). Observations from
different instrumentation such as ionosondes (e.g., Hajkowicz & Hunsucker, 1987; Prölss & Jung, 1978), inco-
herent scatter radars (e.g., Nicolls et al., 2004; van de Kamp et al., 2014), and GNSS (e.g., Borries et al., 2009,
2016; Katamzi &Habarulema, 2014; Ngwira et al., 2012; Nicolls et al., 2004; Shiokawa et al., 2002; Tsugawa et al.,
2004; Zakharenkova et al., 2016, and some references therein) have all been used to determine the character-
istics of large-scale TIDs. In this paper, we use a combination of GNSS, ionosonde, and SWARM data to study
and report on new observations of large-scale TIDs propagating up to the topside ionosphere during the 17
March 2015 storm. Although equatorward large-scale TIDs for this storm period have already been reported
(Borries et al., 2016; Zakharenkova et al., 2016), unique to this study are results of poleward TIDs over the
American and African sectors originating from within the geomagnetic equatorial region. A detailed inves-
tigation has shown that poleward TIDs were launched during local daytime following a southward turning
of the interplanetary magnetic field large-scale TID during the storm main phase. Analysis of E × B proxy
data derived from equatorial and low-latitude magnetometer data showed increased vertical drifts over the
American sector, highlighting the role of momentum transfer from ions and electrons to neutrals in launch-
ing poleward TIDs through Lorentz coupling (equatorial electrodynamics), a mechanism that was previously
suggested by Knudsen (1969) and Chimonas (1969) but has not been comprehensively investigated with
observations. Over the African sector, additional data are required to confirm the source of poleward TIDs.
Using ionosonde electron density profile data, we also showed the vertical propagation of the equatorward
large-scale TIDs. This provided the basis of a strong and direct observational evidence with regard to the
role of TIDs in influencing altitudinal plasma distribution all the way to the topside ionosphere, which was
observed through the enhancement of the SWARM in situ density data during periods when large-scale TIDs
were present in GNSS data.
2. Data Sources and Methods
The 17March 2015 stormwas due to a coronal mass ejection (CME) that impacted the Earth’s magnetosphere
at≈0445 UT as shown by the vertical red dashed line in Figure 1. The interplanetary and geomagnetic activity
indices data for the 17March 2015 stormhave also beendescribed in other sources (e.g., Astafyeva et al., 2015;
Borries et al., 2016; Fagundeset al., 2016; Kuai et al., 2016;Navaet al., 2016; Ramsinghet al., 2015; Zakharenkova
et al., 2016). Figure 1 shows variations in (a) solarwind velocity, Vsw (kilometers per second, km/s) (blue curve),
Bz component of the interplanetary magnetic field, IMF Bz (nanoTeslas, nT) (black curve), (b) IMF Bx (blue
curve) and IMF By (black curve) in nT, (c) SYM-H (nT) index (black curve), auroral electrojet, AE (nT) index (blue
curve), and (d) the interplanetary electric field, IEF (millivolts per meter, mV/m). For the solar wind parame-
ters, we have used the 1 min OMNI data (omniweb.gsfc.nasa.gov) propagated to the Earth’s magnetosphere
to coincidewith the response observed from the geomagnetic fieldmeasurements. TheAE and SYM-H indices
were obtained from http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html. Figure 1a shows that during the storm
sudden commencement (SSC), the solar wind velocity, Vsw increased from ≈400 km/s to 500 km/s, at the
same time the IMF Bz turned northward and reached ≈26 nT at 0523 UT before shortly turning southward.
Thereafter, Bz oscillated between north and southward directions until ≈1146 UT, when it remained south-
ward (with exception of short duration northward turning at ≈1337 UT) for over 12 h. Immediately after the
SSC (0447 nT), the values of Bx and By were ≈0 nT and 10 nT, respectively. During the recovery phase on
18 March 2015, Bx and By were largely positive and negative, respectively. Figure 1c shows that before the
storm on 16March 2015, the auroral region was relatively quiet and the AE index started gradually increasing
after the SSC, and later reduced reaching minimum value at ≈1200 UT on 17 March 2015, and afterward, it
immediately increased significantly during themain phase reaching amaximum value of 2,298 nT at 1358 UT.
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Figure 1. Variations of (a) solar wind velocity, Vsw (km/s), Bz component of the interplanetary magnetic field IMF Bz (nT),
(b) IMF Bx and By , (c) symmetric component of the ring current, SYM-H (nT), and auroral electrojet, AE (nT) indices, and
(d) interplanetary electric field, IEF (mV/m) for 16–18 March 2015. The red vertical dashed line represents shock time at
0445 UT on 17 March 2015. One minute solar wind data shifted to the Earth’s magnetosphere were used.
Analysis of polar cap index has shown intense substorm activity during 17 March 2015 (e.g., Astafyeva et al.,
2015; Borries et al., 2016). The SYM-H index experienced a pronounced minimum of −101 nT at 0937 UT
before reaching a value of −234 nT at 2247 UT on 17 March 2015. Within about an hour of the storm recov-
ery phase, the AE index reached another maximum value of 2,145 nT (at 2342 UT) on 17 March 2015. The IEF
varied between −5 mV/m and 5 mV/m before the storm and reached ≈ −13 mV/m (0523 UT) soon after the
SSC. About 13 h after the commencement of the main phase, the IEF value reached its maximum (≈16mV/m
at 1248 nT).
2.1. TEC Data
We have processed GNSS RINEX data from over 2,700 receiver stations for the 17 March 2015 to derive TEC
at 30 s time resolution. To estimate the background TEC during the 17 March 2015 storm, a fourth-order fit
to the slant TEC segment from each satellite that is visible over a particular receiver location has been used.
A direct subtraction of fitted TEC from derived TEC yielded TEC residuals (ΔTEC) which show the level of dis-
turbance induced in TEC due to forcing either from below, above, or both. This procedure was repeated for
all TEC segments from all stations considered (about 2,700) for 17 March 2015. A similar method has been
used in TID-related studies (e.g., Ding et al., 2007; Habarulema et al., 2016; Valladares et al., 2009). To mini-
mizemultipath-related fluctuations, a 20∘ elevation cutoffwas considered.ΔTEC at ionospheric pierce points
(IPPs) at altitude of 350 km was then binned within 3 min × 0.8∘ (time/latitude) to identify the presence
of large-scale TIDs. To observe large-scale TIDs, diurnal ΔTEC maps with respect to selected latitude ranges
were generatedwithin similar longitude sector spanning 40∘. Latitudinal coverage of 50∘S–50∘N, 40∘S–60∘N,
and 40∘S–45∘N were chosen (mainly based on data availability) for the American, African, and Asian sectors,
respectively. Figure 2 shows (a) the distribution of GNSS receiver locations used to derive TEC data, and (b)
the typical spatial data coverage shown by ΔTEC variability (considered at IPPs) binned within 2.5∘ × 4∘
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Figure 2. (a) Global distribution of GNSS receiver locations and (b) typical spatial coverage of ΔTEC (TECU) variability
(considered at IPPs) binned within 2.5∘ × 4∘ (latitude/longitude) at 1,300 UT (±5 min).
(latitude/longitude) at 1300 UT (±5 min). Although we mentioned that we have used 40∘ longitude span,
in most cases, the coverage is limited by the GNSS sensor network distribution. For example, for the African
sector, Southern Hemisphere, the land mass that has data coverage is mostly from 15∘E–40∘E translating
into a longitude coverage of 25∘ that was used by Figueiredo et al. (2017). Similarly, for the South American
Southern Hemisphere, data coverage is roughly from 50∘W–75∘W for latitudes 60∘S–30∘S.
2.2. Geomagnetic and E × B Drift Data
The use of horizontal component of the Earth’s magnetic field from magnetometer data through the dif-
ferential magnetometer approach (Rastogi & Klobuchar, 1990) is well established as a basis for estimating
ionospheric E × B drift from the determination of the equatorial electrojet (EEJ) (Anderson et al., 2002;
Yizengaw et al., 2011, 2012, 2014). Because the EEJ is stronger during the dayside and almost zero at night,
themethod of estimating vertical drift frommagnetometer observations is reliable only during local daytime.
This approach uses a magnetometer station located at the equator and another one away from the equator
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Table 1
Magnetometer Stations Used to Estimate EEJ Over the American, African, and Asian Sectors in This Study
Geographic coordinates Geomagnetic coordinates
Station Code Network Latitude Longitude Latitude Longitude
American sector
Alta Floresta ALT LISN −9.9 −56.1 0.8 15.2
Cuiba CUB LISN −15.6 −56.1 5.9 13.8
African sector
Addis Ababa AAE INTERMAGNET 9.0 38.8 0.2 110.5
Asian sector
Phuket PUKT AMBER 7.9 98.4 −0.6 170.0
Bangkok BAGK AMBER 14.08 100.61 6.2 172.2
by 6∘–9∘ (Anderson et al., 2002; Yizengaw et al., 2011). Further, detailed information about drift estimation
from magnetometer data can be found in Anderson et al. (2002), Yizengaw et al. (2011, 2012), and Yamazaki
and Maute (2016). Table 1 shows pairs of magnetometer stations (along with their geographic and geomag-
netic locations) used in the estimation of EEJ on 17 March 2015 for the American, African, and Asian sectors.
These magnetometer stations belong to Low-Latitude Ionospheric Sensor Network (LISN) project (Valladares
& Chau, 2012), International Magnetic Network (INTERMAGNET), and African Meridian and B-Field Education
Research (AMBER) project (Yizengaw &Moldwin, 2009) networks for the American, African, and Asian sectors,
respectively. For the African sector, we used only single station to estimate the EEJ due to data unavailabil-
ity for the second station during the 17 March 2015 storm. For the American sector, we have made use of
the 150 km drift echoes from Jicarmaca Unattended Long-Term studies of the Ionosphere and Atmosphere
(JULIA) system, which have been shown to approximate the F2 region vertical drifts well (Chau & Woodman,
2004; Yizengaw et al., 2011, 2014), and with C/NOFS for the African sector (Yizengaw et al., 2011).
3. Results
Figure 3 shows ΔTEC (TECU), ΔH (nT) (a proxy of E × B drift), and SWARM-B in situ density (Ne) over the
American, African, and Asian sectors for the 17 March 2015. Figures 3a, 3c, and 3e shows the latitude/time
ΔTEC maps over American, African, and Asian sectors within a longitude sector of 40∘. Although we have
considered a wide longitude range, our results are in excellent agreement with the study of Zakharenkova
et al. (2016) in their Figures 4b and 3d for the European (10∘E ± 5∘) and South American (65∘W ± 5∘) sectors,
respectively, in the identification of equatorward large-scale TIDs. Only ΔTEC magnitudes differ due to the
different methods used in estimating the background TEC values. Figures 3b and 3f show ΔH over Alta
Floresta, ALT (0.8∘N, geomagnetic) in the American sector, and Phuket, PUKT (0.6∘N, geomagnetic) for the
Asian sector, representing dynamics of EEJ which is a proxy of vertical drifts over the respective equatorial
regions. For the African sector, there were no data for the second magnetometer station to derive ΔH in a
similar way as the other sectors. Thus, we used a single station (located at the geomagnetic equator, 0.2∘N)
to estimate the EEJ in the African sector on 17 March 2015. In order to do this, we have applied the following
procedure to the H component field observed at the geomagnetic equator. First, daily magnetic field vari-
ation is identified by subtracting the monthly averaged background geomagnetic field value, which is also
approximately equal to the secular field level. This procedure also removes secular field values from the daily
H component field. The background geomagnetic field is calculated by taking the nightside (2200–0200 LT)
average of the quiet days (Kp < 2) magnetic field readings of a given month. The next step is removing mag-
netic variations associated to Sq and ring current contributions. This can be accomplished by including data
fromquiet days of themonth (Kp < 2) and determining an average value for every 30min interval. The 48 dis-
tinct values are then interpolated to a time resolution of 1 min, and subtracted from the daily data within the
given month. This procedure also removes the magnetic field variation associated to the solar diurnal tide.
The ring current contribution to the magnetic field disturbance is also removed by subtracting the Dst index.
We used 1 min resolution SYM-H index. Finally, a significant factor that we removed is the noncyclic change.
The noncyclic changes, which may be the result of slow magnetospheric recovery on quiet days from earlier
geomagnetic disturbances, are generally negligibly small since theDst is already removed. It is defined as the
difference between the beginning and end values of the day (Matsushita & Campbell, 1972). The noncyclic
HABARULEMA ET AL. LARGE-SCALE TIDS ON 17 MARCH 2015 715
Journal of Geophysical Research: Space Physics 10.1002/2017JA024510
Figure 3. Variations of (a) American sector ΔTEC (TECU) and (b) ΔH (nT) and JULIA E × B; (c) African sector ΔTEC (TECU) and (d) 𝛿H (nT) and meridional wind
velocity (m/s) from HWM; (e) Asian sector ΔTEC , (f ) ΔH (nT), and (g) SWARM-B electron density on 17 March 2015. The solid lines in Figures 3a, 3c, and 3e
approximate the geomagnetic equator in the three sectors. Vertical black lines in Figures 3a–3d show approximate times when poleward TIDs were observed
over the American and African sectors.
change value is then subtracted from the residual on a daily basis. After removing all the contributions men-
tioned above, the residual magnetic variations is mainly due to EEJ current, which is plotted as a function of
time as shown in Figure 3d (blue curve). The black curve in Figure 3d shows themeridional wind velocity from
the Horizontal Wind Model (HWM) over AAE on 17 March 2015. For the American sector, E × B drift values
from JULIA (blue curve) are also shown in Figure 3b. The red dashed line in Figure 2 shows the SSC time for
the geomagnetic storm at 0445 UT. The American sector displays mostly equatorward TIDs from both hemi-
spheres crossing over to either hemisphere as indicated by black arrows in Figure 3a. There appears to be a
case of poleward TIDs with geomagnetic equatorial origin just after 1300 UT as shown by the blue arrows and
black straight line in Figures 3a and 3b. For theAfrican sector (Figure 3c), poleward TIDs are clearly identified at
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around 1200 UT (approximate time is shown by the vertical black line) and 1500 UT. The blue arrows indicate
the apparent direction of poleward TIDs. For the 1500 UT observation, the northward propagation is not clear
due to lackof observational data. In Figure 3c, equatorwardTIDs appear at around≈0900UT, 1200UT, 1600UT,
and 1800 UT from both Northern and Southern Hemispheres. We note that 𝛿H (in Figure 3d) is substantially
reduced during the observation of poleward TIDs in the African sector. Nevertheless, in absence of the second
set of magnetometer observations, we observe that the direction of the electric field was westward during
epochs of poleward TIDs appearances. Although the data are noisy, the Asian sector shows equatorward TIDs
from the Southern to the Northern Hemisphere as seen in Figure 3e. One case at ≈1700 UT appears to show
poleward TIDs (for the SouthernHemisphere), but there is no corresponding similar observationon theNorth-
ern Hemisphere to conclude about its origin. A common observation in all the three sectors is the existence
of secondary waves that seem to propagate along the identified TID signatures crossing the equator. These
secondary waves exhibit low ΔTEC values which translate into low amplitudes and have been previously
observed (e.g., Hajkowicz & Hunsucker, 1987; Thome, 1968) and also shown through theoretical/numerical
simulations (e.g., Balthazor & Moffett, 1997) following storm/substorm activities. Figure 3g shows changes in
SWARM-B Ne (ΔNe) over the American sector (67.6∘W), African sector (3.8∘E), and Asian sector (100.5∘E). ΔNe
(cm−3) is obtained by fitting a fourth-order polynomial to SWARM Ne data and subtracting fitted from actual
Ne values in the three sectors. SWARM satellites provide local densitymeasurements using onboard Langmuir
probes (Buchert et al., 2015). Over the American sector, the depletion in SWARM-B Ne after 45
∘S is also well
seen in the ΔTEC results at ≈1,400 UT. We observe increased Ne toward high-latitude regions during similar
times in the presence of large-scale TIDs especially for the African-European and Asian sectors. This points to
the evidence of TIDs’ propagation all the way to the topside ionosphere as we will show in the next section
using ionosonde data over the African sector in the Southern Hemisphere.
4. Discussion
In our analysis, all three sectors show equatorward TIDs and are more clear for the American and African sec-
tors. Similar/related results have been reported elsewhere (e.g., Borries et al., 2016; Zakharenkova et al., 2016).
A newobservation is the existence of large-scale TIDswhich appear to have originated from the geomagnetic
equator inbothAmericanandAfrican sectors. Figures 4a and4b showextracts ofΔTECatgeographic latitudes
5∘S, 10∘S, and 15∘S in the Southern Hemisphere and 0∘, 5∘N, and 10∘N for the Northern Hemisphere within
the American sector during 1230 UT–1500 UTwhen poleward TIDs are observed. Here we recall that the geo-
magnetic equator has been approximated at geographic latitude 3.5∘S in Figure 3a. Figures 4c and 4d shows
results obtained by cross correlatingΔTEC time series at different latitudes in Figures 4a and 4b. For example,
in Figure 4c, the cross correlation was performed betweenΔTEC time series at latitudes 5∘S and 10∘S (shown
in blue color as 5∘S–10∘S) and 10∘S–15∘S (red curve). The cross-correlation method (CCM) provides the time
lag when the two ΔTEC time series at the considered latitudes are highly correlated/similar. Based on time
lags determined using the CCM between ΔTEC series variability at different latitudes, the estimated velocity
values of the large-scale TIDs are 688± 84m/s and 686± 120m/s in the Southern and Northern Hemispheres
(Figures 4c and 4d), respectively. Within the African sector, the geomagnetic equator is estimated at 10∘N
and Figures 4e and 4f showΔTEC changes at geographic latitudes 5∘N, 3∘S, 10∘S and 10∘N, and 15∘N for the
Southern and Northern Hemispheres wave propagation, respectively. Figure 4g shows the cross-correlation
results for the African sector Southern Hemisphere with velocity of about 422 ± 126 m/s between 1100 UT
and 1400 UT. Due to lack of data within the Northern Hemisphere in the African sector, we have estimated
the velocity of poleward TIDs based on two latitudes 10∘N and 15∘N (Figure 4h). The estimated velocity is
539±80m/s, which is statistically comparable with the Southern Hemisphere determined value. While equa-
torward TIDs are known to be launched from the auroral regions during storms (e.g., Davis, 1971; Georges &
Hooke, 1970; Prölss & Jung, 1978; Valladares et al., 2009), results about poleward TIDs of geomagnetic equa-
tor origin are relatively new and physical mechanisms for their launching are not fully understood. Long-term
statistical studies about when and how often they occur are still unavailable. Observations of large-scale TIDs
over China during the storm recovery phase were attributed to the excitation arising frommedium-scale dis-
turbances (Ding et al., 2013). Possibility of EEJ generating waves similar to TIDs was put forward by Knudsen
(1969), and variations of E × B drifts were suggested to be responsible for their launching through Lorentz
coupling of the lower ionospheric layer to the neutral atmosphere duringdaytime (Chimonas, 1969). Recently,
clear correlation between daytime E × B variability and occurrence of poleward TIDs was reported for the
African and American sectors (Habarulema et al., 2015, 2016). However, their probable causes are not clear
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Figure 4. Extracted ΔTEC (TECU) at different geographic latitudes within the same longitude sector to compute velocity
values of poleward TIDs in the American sector for the (a) Southern Hemisphere (SH) and (b) Northern Hemisphere (NH)
between 1230 and 1500 UT. (c, d) The cross-correlation results for the estimated velocities. ΔTEC (TECU) variations for
selected latitudes over the African sector are shown in (e) SH and (f ) NH during 1100–1400 UT with the (g, h) the
corresponding determined velocity values. In Figures 4c, 4d, 4g, and 4h, vertical dashed blue and red lines show the
time lags at which ΔTEC time series data at two latitudes are highly correlated.
during the nighttime. To understand the likely cause of poleward TIDs originating from the geomagnetic
equator, we examine the behavior of IMF Bz and the response of the E × B (ΔH) during the presence of pole-
ward TID observations. In Figure 1a, Bz turned southward at≈1,150 UT until 1336 UT. Within this duration, we
observed poleward TIDs in the American sector, which coincided well with the peaking of ΔH at ≈1314 UT
over ALT (0.8∘N, geomagnetic) as shown in Figures 3a and 3b. JULIA E × B data (Figure 3b) are in agreement
withΔH during periods when they are all available. IncreasedΔH (E× B) were caused by penetration electric
fields starting at≈1200 UT in the American sector (Kuai et al., 2016) as a result of the increase in IEF (Figure 1d)
during the southward turningof the IMF (Figure 1a). Penetrationelectric fields are eastward (westward) during
the local daytime (nighttime) (e.g., Fejer & Scherliess, 1998; Huang et al., 2005). Daytime-penetrating electric
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field enhances the existing eastward electric field, and thus vertical drift in low/equatorial latitudes leading
to force and momentum transfer from the ionized particles to neutrals (through Lorentz coupling), giving
rise to atmospheric gravity waves, and hence possibly contributing to the observed TIDs (Chimonas, 1969;
Habarulema et al., 2016; Knudsen, 1969). We therefore conclude that low-latitude electrodynamics linked to
increased E×B as a result of prompt penetration electric fields were responsible for launching poleward TIDs
(from the geomagnetic equator) observed over the American sector during 1230–1500 UT. For the African
sector, we see that during launching of poleward TIDs (≈1200 UT, see Figures 3c and 3d), 𝛿H variations show
westward electric field at equatorial latitudes. At around0900UT,weobserve a sharp reduction in 𝛿H for about
anhour (Figure 3d). A reduction in EEJ corresponds toexistenceofwestwardelectric fields andhencedecrease
in E×B, which can be due to the disturbed dynamomechanismduring local daytime in equatorial ionosphere
(e.g., Blanc & Richmond, 1980). We also note that after∼0615 UT, the IMF Bz turned northward and alternated
between northward and southward directions until∼1150 UT on 17March 2015. When IMF Bz abruptly turns
northward, the dayside low/equatorial latitude ionosophere exhibits westward electric fields as a result of
overshielding (e.g., Kelley et al., 1979). Both overshielding and disturbed dynamo electric fields reduce the
EEJ and thus E × B drift. Due to this, increased E × Bmay therefore not be responsible for the observed pole-
ward TIDs (1100–1400 UT) over the African sector on 17 March 2015. We, however, note that increased TEC
starting at around 1115 UT has been reported over the African sector (Borries et al., 2016; Nava et al., 2016)
and penetrating electric fields were present during the southward turning of IMF large-scale TID (Nava et al.,
2016) alongside disturbed dynamo electric field. Figure 3d showsmeridional wind velocity (black curve) from
the Horizontal Wind Model, HWM (Drob et al., 2008) over the same location (AAE) at altitude of 350 km for
17 March 2015. We note that there was a sudden jump from ≈4 m/s to 11 m/s at 1200 UT, and thereafter,
the meridional wind velocity continued increasing. Given its direction, it is feasible to suggest that merid-
ional wind velocity could have played a role in propagation of poleward TIDs in the Northern Hemisphere,
but it is still not clear what was responsible for the Southern Hemisphere observations. This aspect requires
more direct meridional wind data and hence further investigation. The physical mechanism for launching the
observed poleward TIDs also requires further work.
Despite the increased E × B drift over the Asian sector (Figure 3f ), we have not observed clear poleward TIDs
originating from the geomagnetic equator. There is an isolated case at around 1700 UT in the Southern Hemi-
sphere, with no clear reference of having originated from the equatorial region. Data over this sectorwere also
sparse compared to other sectors. Nevertheless, there are clear examples of equatorward TIDs crossing over
to the Northern Hemisphere as shown in Figure 3e. Figure 5 shows examples of TID signatures demonstrat-
ing waves propagating and crossing over to either hemisphere over the American (1030-1230 UT) and Asian
(0900-1200 UT) sectors. Figures 5a and 5b shows ΔTEC at latitudes 15∘N, 0∘, and 15∘S; and the correspond-
ing velocity estimation from the CCM as 1241 ± 252 m/s (1030–1230 UT) for the north-south propagation.
For the same storm period, Borries et al. (2016) reported the large-scale TID between 60∘N–31∘N over the
European region with velocity 1100 ± 200 m/s, which statistically agrees with our determined value for the
American sector. Figure 5c presents ΔTEC variability at latitudes 10∘S, 5∘S, and 10∘N over the Asian sector
(0900–1200 UT). The corresponding computed velocity is 846 ± 125 m/s (Figure 5d). Figures 5a and 5c are
directly extracted from data used to generate Figures 3a and 3e at the respective times considered. While this
equatorward propagation analysis was done at different times, we observe that the velocity values differ per-
haps due to the amount ofΔTEC data used in both sectors. In this context, therewas less data available for the
Asian sector compared to the American sector in the computation of the TIDs’ velocities. However, the calcu-
lated velocities for both sectors are within the range of values for equatorward large-scale TIDs. We note that
previous studies of this storm left out the Asian-Australian sector analysis (e.g., Zakharenkova et al., 2016) due
to limited data coverage to conduct a detailed investigation. For the American sector (Figure 3a), there is an
interesting feature of two TIDs propagating from Southern andNorthern Hemispheres, crossing the geomag-
netic equator and interfering at ≈10∘S–20∘S, geographic between ≈1500 and 1830 UT. Both TIDs continue
to either hemisphere. The TID originating from the Southern Hemisphere had a velocity of ≈638 m/s. After
interferingwith its Northern Hemisphere counterpart, it continued to propagate in the Northern Hemisphere
with a phase velocity of≈649m/s. This is consistentwith theoretical andobservational studies that large-scale
TIDs of auroral origin interfere and continue to propagate to either hemisphere with unchanged velocity
(e.g., Balthazor & Moffett, 1997; Pradipita et al., 2016). For the American sector, typical velocities reported
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Figure 5. An example showing velocities for equatorward propagating TIDs for the (a) American sector (1030–1230 UT)
from the NH and the determined velocities (b) based on the CCM method; and (c) Asian sector (0900–1100 UT) from the
SH on 17 March 2015 with (d) velocity results.
previously for the equatorward TIDs during storms were 700 m/s (Valladares et al., 2009) for the 29–30
October 2003 storm, 600 m/s for the 1–2 October storm (Nicolls et al., 2004), and more recently 700 m/s for
the 26 September 2011 storm (Pradipita et al., 2016). Over Europe, Borries et al. (2009) reported velocities in
range of ≈300–1100 m/s in their extensive analysis of storm-induced TIDs during storms of 2001–2007.
An intriguing result has been theobservationof increased in situNe fromSWARMtowardhigh latitudesduring
periods when TIDs are present in GNSS TEC data. Also, the SWARM TEC data (https://vires.services/) confirm
the increased latitudinal profile of the topside Ne. For example, as seen in Figure 3g, SWARM-B Ne showed
an increase over the African-European sector (e.g., ≈45∘S–55∘S for the Southern Hemisphere) during similar
time (0800–0900 UT) when equatorward large-scale TIDs are observed. A similar result is visible over the
north African-European sector. Figure 6 shows this more clearly where SWARM-B displays enhanced Ne in
both hemispheres over the African-European sector on 17 March 2015. To approximate the Ne deviation on
a storm day from the normal variability, we fitted a fourth-order polynomial to SWARM-B Ne data over the
African-European sector and computed the difference between actual and fitted Ne values to obtainΔNe. We
−60 −50 −40 −30 −20 −10 0 10 20 30 40 50 60
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
ΔN
/N
0846084908510854085708590902090509070910091209150918UT
Geog. lat.
17 March 2015
SWARM−B ΔN /N  over the Euro−African sector: Geog longitude 3.8 E
Figure 6. Changes in SWARM-B Ne changes on 17 March 2015 over the
European-African sector during 0846–0918 UT. Enhanced Ne in the
Southern and Northern Hemispheres are higlighted by the cyan blocks. The
magenta block shows increased Ne over low latitudes around the
geomagnetic equator.
then calculate the ratio of ΔNe to Ne (ΔNe∕Ne) to obtain scale-free iono-
spheric Ne variability at different latitudes. Figure 6 shows ΔNe∕Ne from
SWARM-B as a function of geographic latitude and time (0846–0918 UT)
along ≈4∘E longitude. An increase in Ne is observed in SWARM-B Ne data
as shown by the cyan blocks, which are equidistant from the geographic
equator. The magenta block indicates the Ne enhancement over the low
latitudes.Wenotice that theNe increasewas greater in the SouthernHemi-
sphere. The storm-induced equatorward winds are in the same direction
as the background thermospheric neutral winds (which usually blow from
the summer to winter hemisphere) in the Southern Hemisphere. In addi-
tion to the equatorward TIDs, thesewill moveNe to higher altitudes, which
is the likely reason of greater Ne enhancement in the south compared to
Northern Hemisphere. In the Northern Hemisphere, storm-induced winds
and equatorward TIDs are in opposite direction as the background ther-
mospheric neutral winds in March equinox (which is close to winter).
During the time interval of SWARM-B data availability, signatures of
large-scale TIDs are evident in Figure 3c in both hemispheres. It is known
that TIDs can move F region plasma to high altitudes where the loss rate
is lower, contributing to positive storm effects through the enhancement
of ionospheric Ne (e.g., Ding et al., 2007; Hajkowicz & Hunsucker, 1987;
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Figure 7. Ionosonde Ne variations over GR13L for (a) 17 March and (b) 10 March 2015. The solid black and magenta lines
show hmF2 (on 17 and 10 March 2015) and monthly median hmF2 values, respectively. (c–e) Zoomed in details of ΔNe
computed by subtracting extracted Ne data on 10 March from 17 March 2015 values at altitudes 250 km (black curve),
300 km (red curve), 350 km (blue), and 400 km (magenta) during periods (0800–1000 UT, 1100–1230 UT, and
1500–1700 UT) when TIDs are observed in GPS data. Times of peak occurrences at different altitudes are shown in
each panel with black arrows.
Ngwira et al., 2012; Prölss & Jung, 1978; Tsugawa et al., 2004). To further investigate whether large-scale TIDs
contributed to enhanced Ne in SWARM data, Figures 7a and 7b show altitudinal variation of Ne over the
ionosonde stationGrahamstown,GR13L (33.3∘S, 26.5∘E), SouthAfrica, for 17 and10March 2015. The 10March
2015 was the most quiet day of the month and its values serve as the background Ne variability. The altitude
and time ranges used for binning Ne are 15 km and 15 min, respectively. The solid magenta line represents
monthly median hmF2 variability while the black solid line is a plot of hmF2 values for 17 and 10 March 2015.
Careful ionosonde data checking was done and storm time ionograms edited where it was found necessary.
The real heights are derived from virtual heights using a technique described in Reinisch and Hunag (1983)
andHuang and Reinisch (1996). A previous study investigating ionospheric storm effects during the 17March
2015 reported positive storm effect over South Africanmidlatitudes using ionosonde data including informa-
tion over GR13L (Nayak et al., 2016). In this paper, our usage of GR13L data is aimed at studying the vertical
propagation of large-scale TIDs toward the topside ionosphere and is therefore completely different from
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results presented inNayak et al. (2016).We recall that duringperiodswhen equatorward TIDs are seen inGNSS
dataover SouthernHemisphere, there is a significant enhancementofNe towardhighaltitudes (Figure 3gover
the European-African sector) and Figure 7a shows that hmF2 was elevated above the background monthly
median values especially between ≈0800–0930 UT and 1500–1800 UT. To observe Ne changes at different
altitudes, we extracted Ne values at 250 km, 300 km, 350 km, and 400 km from Figures 7a–7b, and performed
a cubic spline interpolation at a resolution of 3 min for each altitude’s Ne. Original ionosonde data had a
time resolution of 15 min. Quiet time Ne data (10 March 2015) were then subtracted from corresponding dis-
turbed time values (17 March 2015) to obtain ΔNe plotted in Figures 7c–7e during periods (0800–1000 UT,
1100–1230 UT, and 1500–1700 UT) when meridional propagation of TIDs is clearly visible in GNSS data
(Figure 3c). In all cases, it is observed that peak occurrences appear first at 400 km and last at 250 km alti-
tude. In Figures 7c–7e, the peak at 400 km always appeared 3 min before the Ne peak at 350 km. Because
the ionosondemeasures the bottomside ionosphere up to the hmF2 peak (∼350 km), we excluded extrapola-
tion results at 400 km in our phase velocity estimations. Figure 7c indicates peaks in Ne values at 0918 UT and
0939 UT for 350 km and 250 km, respectively. No clear maximum Ne value was identified at 300 km. These
results reveal a downwardphase propagationwith velocity of∼80m/s. Similarly, peak occurrences at 1127UT,
1142 UT, and 1209 UT (for 350 km, 300 km, and 250 km) give downward phase velocity of ≈43 ± 16 m/s in
Figure 7d. In Figure 7e, the Ne peak at 350 km occurred at 1530 UT, while altitudes 300 km and 250 km show
peaks at 1551 UT and 1600 UT, respectively, giving estimated velocity of 66 ± 37 m/s. The calculated verti-
cal wavelength is in the range ≈54–100 km. Downward phase velocities for TIDs is a well-known theoretical
property (e.g., Hines, 1960; van Velthoven, 1990) due to the propagation of phase and energy in opposite ver-
tical directionswithin the atmosphere.While the ionosondedata time resolutionmaybe too low to accurately
determine the TIDs’ vertical characteristics, it is remarkable that for all the instances when meridional propa-
gation of TIDs was observed in GNSS data, ionosonde data showed downward phase TID propagation which
is consistent with other studies that have used incoherent scatter radar data (e.g., Nicolls et al., 2004; van de
Kamp et al., 2014). A combination of ionosonde results and in situ Ne data from SWARM-B (which is at alti-
tude of 520 km) gives us confidence to suggest that resulting TIDs from the launched gravity waves can reach
the topside ionosphere. This is the first time that such result has been seen (based on ionosonde data over
the African sector) showing a clear link of TIDs influencing altitudinal plasma distribution from bottomside to
topside ionosphere.
5. Conclusions
Similar to existing studies during the 17 March 2015 storm period (Borries et al., 2016; Zakharenkova
et al., 2016), we have reported the presence of large-scale TIDs over the American, European-African, and
Asian-Australian sectors. Large-scale TIDs propagated and crossed over to either hemisphere in American and
Asian sectors, although the latter had a limited data set for comprehensive investigations to be undertaken.
Over theAfrican-European sector, lack of data in theNorthernHemisphereover theAfrican regionhinderedus
from establishing whether the TID from the European region reached the equator. We have shown that pole-
wardTIDswere launched fromthegeomagnetic equatorial region (over theAfrican sector just before1200UT)
and propagated with velocities of≈440m/s and 540m/s in the Southern and Northern Hemispheres, respec-
tively. The drivingmechanism for poleward TIDs observations over this region on 17March 2015 has not been
established. Over the American sector, poleward TIDs propagated with ≈690 m/s in Southern and Northern
Hemispheres. In the American sector, poleward TIDs were launched by low-latitude electrodynamics as a
result of enhanced eastward electric field due to penetrating electric field during the southward turning of
IMF Bz . Enhanced eastward electric field led to increased vertical E × B that made Lorentz coupling effec-
tive in launching poleward TIDs through the energy transfer from ionized particles to neutrals (Knudsen,
1969; Chimonas, 1969). Equatorward TIDs have been observed to cross over from either hemisphere in the
American and Asian sectors. We note that other previous studies did not consider comprehensive analysis
of large-scale TIDs over the Asian sector. Equatorward large-scale TIDs from either hemisphere have been
understood to interfere and continue to propagate with unchanged velocity (e.g., Balthazor & Moffett, 1997;
Pradipita et al., 2016), which has also been seen in our analysis over the American sector. Overall, the esti-
mated velocities of the equatorward large-scale TIDs on 17March 2015 aremostly in agreementwith previous
studies during the same storm period (Borries et al., 2016; Zakharenkova et al., 2016). A highlight of this study
is the observation of downward vertical propagation in altitudinal Ne profiles from ionosonde data during
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periods when meridional propagation of large-scale TIDs was present in GNSS TEC data. At the same time,
the ionosonde results coincided with in situ Ne changes from SWARM data, a possible confirmation that TIDs
contributed to vertical Ne distribution all the way to topside ionosphere.
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